Intracortical microstimulation (ICMS) delivered to the motor cortex (M1) via long-or short-train duration (long-or shortduration ICMS) can evoke coordinated complex movements or muscle twitches, respectively. The role of subcortical cerebellar input in M1 output, in terms of long-and short-duration ICMS-evoked movement and motor skill performance, was evaluated in rats with bilateral lesion of the deep cerebellar nuclei. After the lesion, distal forelimb movements were seldom observed, and almost 30% of proximal forelimb movements failed to match criteria defining the movement class observed under control conditions. The classifiable movements could be evoked in different cortical regions with respect to control and many kinematic variables were strongly affected. Furthermore, movement endpoints within the rat's workspace shrunk closer to the body, while performance in the reaching/grasping task worsened. Surprisingly, neither the threshold current values for evoking movements nor the overall size of forelimb movement representation changed with respect to controls in either long-or short-duration ICMS. We therefore conclude that cerebellar input via the motor thalamus is crucial for expressing the basic functional features of the motor cortex.
Introduction
One of the key features of the primary motor cortex (M1) is its highly developed capacity to generate coordinated, complex movements when intracortical microstimulation (ICMS) with a behaviorally relevant time scale (∼500 ms train duration; long-duration ICMS) is delivered. This has been largely verified by several experiments in rodents (Haiss and Schwarz 2005; Ramanathan et al. 2006; Harrison et al. 2012; Bonazzi et al. 2013; Brown and Teskey 2014; Budri et al. 2014) , cats (Ethier et al. 2006) , and nonhuman primates Graziano et al. 2005; Stepniewska et al. 2009; Gharbawie et al. 2011; Overduin et al. 2012) , which suggested that M1 is arranged into various spatially separate functional zones that intrinsically organize movements in a behaviorally relevant frame.
Long-duration ICMS could hijack the motor cortical circuitry, replacing natural activity with activity that is stimulus-driven, and producing complex movement which has some features of natural movement but differs from natural behavior fragments (Griffin et al. 2011 (Griffin et al. , 2014 Bonazzi et al. 2013; Budri et al. 2014) . Previous long-duration ICMS studies suggested that the functional organization of M1 is based on complex movement representations, rather than muscle somatotopy Ramanathan et al. 2006; Bonazzi et al. 2013) .
However, since long-duration ICMS may be able to activate neurons around the electrode, as well as pathways directly linked to the stimulated site (Logothetis et al. 2010) , the origin of complex movements remains unresolved. In other words, how can long-duration ICMS evoke complex movements? Are movements intrinsically encoded in the M1, or does the activation of extracortical pathways enable their onset and/or modulation? Functional M1 zones could be explained by differences either in their output projection (Haiss and Schwarz 2005; Matyas et al. 2010; Harrison et al. 2012) or in the pattern of input they receive from recurrent intracortical networks ) and/or subcortical cerebellar and basal ganglia loops projecting through the same thalamic nucleus (Hoover and Strick 1993; Kelly and Strick 2003; Sultan et al. 2012; Bostan et al. 2013) .
One of the main circuits involved in behavioral action is the cortico-cerebello-thalamo-cortical closed-loop system (Kelly and Strick 2003) , in which cerebellar nuclear inputs are relayed with high temporal precision to the M1 via thalamic nuclei (Sultan et al. 2012) . This system has a facilitatory effect on the excitability of the contralateral M1 (Holdefer et al. 2000) and appears to be involved in forms of M1 plasticity (Luft et al. 2005; Oulad Ben Taib et al. 2005; Baker et al. 2010) . Thus, one hypothesis could be that long-duration ICMS recruits the cortico-cerebellar loop to the M1. This recruitment may be critical in the generation of electrically evoked coordinated movements and presumably occurs whenever a natural movement is made at the same time scale. Consistently, bilateral cerebellar activation during unilateral hand/finger movements has been demonstrated in humans using functional magnetic resonance imaging (Ellerman et al. 1994; Luft et al. 1998) . Hence, in an attempt to clarify the role of extracortical pathways in the genesis of movement evoked by long-duration ICMS, we removed the cerebellar output to M1 by performing bilateral ablation of the cerebellar nuclei that project to the thalamus, that is, dentate and interpositus nuclei (Hoshi et al. 2005; Holschneider et al. 2007 ). Long-duration ICMS was then performed, and a three-dimensional (3D) recording system was used to collect information on the kinematic features of complex forelimb movements. The effect of the lesion on skilled motor performance was also evaluated, and stimulation using short-train duration ICMS (30 ms; short-duration ICMS) was used to assess the influence of the cerebellar nuclei on the forelimb motor cortex output.
Materials and Methods
Forty-six adult male Wistar rats, each weighing 250-300 g, were used in the experiments (Table 1) . Fourteen additional rats were used in a pilot study (data not shown). Each rat was randomly assigned to an experimental group (n = 5 each) and cortical changes were evaluated using long-or short-duration ICMS at 2 different time-points, that is, 3 h and 3 days after lesion. An additional group of rats was studied (n = 5) in the skilled reaching task, and groups of nonlesioned rats were used as controls (n = 5 each) in both long-and short-duration ICMS experiments and the skilled reaching task. Six animals were sham-operated (to rule out the cortical/behavioral changes being due to variables other than cerebellar lesion) and their cortical output evaluated at 3 h after the procedure using long-or short-train ICMS (n = 2 each), and assessing their behavioral performance from 3 to 7 days after the sham operation (n = 2). Animals that displayed incomplete lesion were eliminated from the study, and replaced by rats undergoing the same experimental procedures, until each group contained 5 animals with complete bilateral lesion. The experimental plan was designed in compliance with Italian law regarding the care and use of experimental animals (DL26/2014), and approved by the institutional review board of the University of Ferrara and the Italian Ministry of Health. Adequate measures were taken to minimize animal pain, as well as the number of animals used. For lesion and ICMS procedures, rats were initially anesthetized with ketamine hydrochloride (80 mg/kg, i.p.), and supplementary ketamine injections (4 mg/kg, i.m., given as required, typically every 25-30 min) were used for the duration of the experiment to maintain long-latency and sluggish hindlimb withdrawal upon pinching the hindfoot (stage III-1 and III-2; Friedberg et al. 1999; Tandon et al. 2008) . Under anesthesia, a heat lamp was used to maintain the body temperature at 36-38°C.
Cerebellar Nuclei Lesion
Bilateral lesion of the interpositus and dentate nuclei was induced in ketamine-anesthetized rats placed in Kopf stereotaxic apparatus. A small craniotomy was performed in each hemisphere to expose the cerebellar cortex. The dura remained intact, and was kept moist with saline. The lesion was provoked by 4 electrocoagulations (150 µA in direct current, 15 s each) per hemisphere, using a glass-insulated tungsten microelectrode (0.6-1 M, impedance at 1 kHz) mounted on an electrical microadvancer (Burleigh Inchworm System, Canada). Electrocoagulations coordinates, expressed in anterior-posterior (AP), medio-lateral (ML) and dorsoventral (DV) with respect to the bregma, were (in mm; Paxinos and Watson 1982) : (1) AP, −10.5; ML ±2.5; DV −4.0; (2) AP, −10.5; ML, ±3.5; DV, −4.0; (3) AP, −11.5; ML, ±3.5; DV, −3.5; (4) AP, −11.5; ML, ±2.5; DV, −3.8. The electrode was lowered perpendicularly into the brain and adjusted ±100 μm until a movement was evoked at the lowest threshold (usually ipsilateral vibrissa and/or forelimb movements in the 10-15 µA range) using short-duration ICMS (see below). In sham rats, only electrode penetration was performed.
Intracortical Microstimulation
Under ketamine anesthesia (80 mg/kg, i.p.), each rat was fitted in the stereotaxic apparatus and placed in a prone position on a table with its forelimbs hanging down and free to move against gravity in all directions. The position of the trunk was stabilized to the back of the table to minimize spontaneous trunk movements (head/chest-fixed coordinates). The resting position of each forelimb was in approximately half-way extension/adduction and the wrist rested palm down with the digits slightly flexed. A large craniotomy was performed to expose the frontal cortex of one hemisphere. We tested left or right hemispheres alternatively in order to avoid any potential bias from interhemispheric variability. Thus, each group data set pertained to 3 left hemispheres and 2 right hemispheres (or vice versa). The mapping procedure was always performed on the hemisphere contralateral to the limb studied using the markers. As rats that underwent the stimulation had not been subjected to preliminarily behavioral testing (such as the food grasping test), there is no evidence that the studied limb represented the preferred limb. The dura remained intact and was kept moist with saline. Penetrations were performed using a glass-insulated tungsten microelectrode (0.6-1 MOhm, impedance at 1 kHz) mounted on an electrical microadvancer (Burleigh Inchworm System), and were regularly spaced out over a 500-μm grid. Adjustments to the coordinate grid were sometimes necessary to keep the 
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Lesioned rats 3 h 3-7 days 3 h 3 days 3-7 days Total  15  4  2  10 10  5 electrode from penetrating a blood vessel. These adjustments were not reported in the reconstructed maps, as the penetration was not performed at a site at which the required adjustment exceeded 50 µm. The electrode was lowered vertically to 1500 μm below the cortical surface, corresponding to layer V of the frontal agranular cortex (Franchi 2000) . Starting with a current of 10 μA, the intensity was increased in 5 μA steps until an easily detectable multijoint movement or twitch (using long-or short-duration ICMS, respectively) was evoked; then, the intensity was adjusted to a level at which approximately 50% of the stimulation elicited movement. This level defined the current threshold, and was determined by 2 observers. Occasionally, some movements were observed in the forelimb (or vibrissa) ipsilateral to the cortex, but the threshold current required to evoke it was higher than (almost double) the contralateral movement. Moreover, during ICMS, the ipsilateralto-cortex movements were characterized by negligible displacement. The 2 different ICMS paradigms were performed on separate groups of animals, since it is well known that repetitive stimulation of the same cortical sites may affect local excitability (Nudo et al. 1990) , an effect that can be increased in lesioned animals.
Long-Duration ICMS
Through this paradigm, we aimed to define the properties of complex forelimb movement representations and their kinematic parameters using a mapping procedure similar to that described by Ramanathan et al. (2006) , and detailed elsewhere (Bonazzi et al. 2013) . In brief, a 500-ms train of 200 μs duration bipolar pulses was delivered at 333 Hz. Each stimulation pulse was obtained using biphasic current, in which a negative phase was followed by a positive phase, to minimize damage that could occur during the stimulation . Once a movement threshold was detected (usually ∼50 μA, see Results), the current was raised to 100 μA to increase the amplitude of movements and facilitate the quantitative characterization. If no movement was detected at 100 μA, the site was defined as nonresponsive.
Short-Duration ICMS
Through this paradigm, we aimed to define the properties of simple (twitch-like) movement representations. The mapping procedure was similar to that described by Donoghue and Wise (1982) and Sanes et al. (1990) and detailed elsewhere (Franchi 2000) . In brief, monophasic cathodal pulses (30 ms trains duration at 300 Hz, 200 μs pulse duration) of a maximum of 60 μA were passed through the electrode with a minimum interval of 2.5 s. If no movements or twitches were evoked at 60 μA, the site was defined as nonexcitable. When movement was observed in 2 or more different body parts, current thresholds were determined for each component. The eye movement was detected and its current threshold was determined by means of a surgical microscope. Forelimb movements were classified as either proximal (elbow/shoulder) or distal (wrist/digit). Representational maps were generated in each experimental hemisphere from the pattern of electrode penetrations at threshold current to determine the parameters of vibrissa and forelimb movement representations. Other cortical areas (e.g., those evoking eye, neck, jaw/tongue, and hindlimb movements) were too small and therefore not considered in the quantitative analysis.
Quantitative Characterization of Forelimb Movements
An optical 3D motion analyzer (Qualisys Motion Capture System; Qualisys North America, Inc., Charlotte, USA) was used according to a previously described protocol (Bonazzi et al. 2013; Budri et al. 2014 ) to record and measure movements evoked by long-duration ICMS. In brief, 2 adhesive infrared-reflective spherical markers of limb and paw movements (weight: 0.04 g and diameter: 0.30 cm) were positioned on the forelimb skin of animals at 2 anatomical landmarks, respectively: (1) the dorsal middle of the wrist and (2) the last phalangeal joint (tip) of the 2 middle digits. To minimize positional variability, markers were positioned by the same operator in all experiments. A 3D coordinate system, in which the X-, Y-, and Z-axes corresponded to the anterior, lateral, and dorsal directions, respectively, was used to record the marker positions by means of 3 infrared cameras positioned around the animals. Parameters for movement recordings were 2 s at a sampling rate of 100 Hz, and Qualisys Track Manager software and custom MATLAB programs (The Mathworks, Inc., Natick, USA) were used to analyze kinematic features offline. The forelimb starting position was not modified during any of the stimulation trials performed in the absence of spontaneous movement. In each animal, sham stimulations were performed both while the animal was standing stationary without forelimb movement and while moving the forelimb spontaneously. Sham stimulations were performed without current delivery at 2 or 3 selected sites per animal by lowering the electrode vertically to 1500 μm below the cortical surface; the button for starting the stimulus was pressed, but the connection between the electrode and the stimulus isolator unit had been interrupted using a switch. The resulting absence of movement demonstrated that the current was the cause of a particular movement, overcoming any influence of set-up variability (any noise generated by the operator or button pressing and incorrect current delivery).
After sham stimulation, we also performed the standard (true) stimulation at the 2 or 3 sham sites, which enabled us to rule out any cause of a given movement other than cortical stimulation. Furthermore, although rats were tested under anesthesia, they were not motionless and inert, but instead displayed baseline physiological displacement, namely a background of rhythmic thoracic expansion and contraction (breathing). Hence, in a preliminary set of experiments (i.e., during the pilot study with 14 animals), as well as during the sham stimulations, 1 or 2 trials were recorded in each animal to measure the marker displacement in the absence of electrode penetration and/or current delivery. This background physiological displacement at rest was calculated as 0.28 ± 0.10 mm. Thus, in order to unequivocally distinguish an evoked from background movement, a minimal displacement of the marker ≥1 mm on at least one of the X-, Y-, or Z-axes (i.e., movement cutoff ) was considered for analytical purposes. As all measures were obtained by subtracting the Cartesian resting position of the marker from the coordinates of all points along its trajectory, all data sets began at (0,0,0). Note that both the proximal and distal movements would ideally have been expressed in terms of joint coordinates, and not endpoint Cartesian coordinates. Proximal forelimb movements were classified according to the displacement of the wrist marker on the sagittal (Y), frontal (X), and vertical (Z) axes (Bonazzi et al. 2013; Budri et al. 2014) . Since displacement on the Y-, X-, and Zaxes was found in all evoked limb movements, we defined the following criteria to identify the movement classes: (1) abduction and (2) adduction: Movements with maximal displacement on the sagittal (Y) axis involving a marker movement away from or toward the midline, respectively (ABD: Y-axis positive >4 mm and >15% of X-axis, Z-axis positive; ADD: Y-axis negative >4 mm and >15% of X-axis, Z-axis positive), (3) extension and (4) retraction: Movements with maximal displacement on the frontal (X) axis involving forward or backward movement of the marker, respectively (EXT: X-axis positive >4 mm and >15% of Y-axis, Z-axis positive; RTR: X-axis negative >4 mm and >15% of Y-axis, Z-axis positive); (5) elevation: Movements with maximal displacement on the vertical (Z) axis involving a marker movement upwards without a major shift on the X-and Y-axes (ELV: Z-axis positive >4 mm and X-and Y-axis <4 mm). We found that these criteria were the most reliable for classifying the type of forelimb movement in intact animals (∼98% of all forelimb movements; Budri et al. 2014 ), but when marker displacements failed to meet the above criteria, the movement was defined as not categorized movement (NCM: 1 mm < X-, Y-, and Z-axes <4 mm and/or Z-axis negative). When a paw movement was observed, each paw component was obtained by subtracting the wrist marker value from the digit marker value at all points throughout the movement. The distal movement classes and criteria were the following: (1) paw opening (OPN: X-and Z-axis positive); (2) paw closure (CLO: X-axis negative); (3) opening/closure sequence (OCS: X-axis positive followed by X-axis negative) and (4) supination (SUP: Z-axis positive). OPN, CLO, and OCS were characterized by simultaneous contraction of the digits, whereas SUP showed external rotation of the wrist without movement of the digits. When a paw movement was observed, each paw component was obtained by subtracting the wrist marker value from the digit marker value at all points throughout its movement. The kinematic variables of each stimulation site were obtained by averaging the values recorded in 3-5 microstimulation trials. The time-point (in ms) at which the tangential velocity exceeded 5% of maximum velocity (Adamovich et al. 2001 ) was used to define the onset of movement, and the last time-point (in ms) at which the marker reached maximal displacement (in mm) on either the X-, Y-, or Z-axis was taken as the end of movement. Any displacement outlasting the stimulus and/or in the direction of the resting position was not taken into consideration. We defined the duration of movement (in ms) as the total time spent performing the movement, and we also determined the maximum velocity of the wrist marker (in mm/s), as well as its trajectory (in mm) from its start to the end position. In addition, we calculated the path index of this marker (trajectory length/vector length ratio, vector being the distance from its initial to final position), according to the definition that a trajectory following a straight line has an index of 1, while a semicircular one has an index of 1.57 (Archambault et al. 1999 ). Thus, a path index of >1.57 indicates a trajectory whose curvature exceeds that of the arc of a circle.
Classification of ICMS-Evoked Movements Resembling Patterns Generated During Behavior
When the prolonged stimulus trains evoked movements involving both forelimb and forepaw, we studied how classes of forepaw versus forelimb movements were associated with each other. OPN was seen in combination with ABD, EXT, or ELV, whereas OCS was associated with EXT, and CLO with ADD. We never observed associations between CLO and ABD, EXT and ELV, OCS and ABD or ADD, OPN and ADD, or SUP and proximal movements. Since proximal and distal movements displayed fixed specific combinations, and did not appear to be merely random contractions, we defined these movements as "ICMS-evoked movements resembling patterns generated during behavior." Overall, 4 categories of these movements were identified: reach-shaping (OPN + ABD, EXT, and ELV), reach-grasp (OCS + EXT), bring-to-body (CLO + ADD), and hold-like (SUP). Within the forelimb motor cortex, the distribution of these specific movement sites showed a consistent topography in untouched rats (Bonazzi et al. 2013; Budri et al. 2014 ).
Skilled Reaching Task
This test was used to investigate the ability of a rat to reach for and grasp a single food pellet (Vergara-Aragon et al. 2003; Klein et al. 2007) , and the procedure used was similar to that described by Sacrey et al. (2009) . Rats were placed on a restricted diet to maintain 90% of normal free-feeding body weight for the duration of training. For training, individual rats were placed in a clear Plexiglas box (45 cm height × 15 cm width × 35 cm depth), and expected to extend their preferred paw to retrieve a rounded food pellet (∼45 mg each; TestDiet, Richmond, USA). Rats were trained to do so by extending the forelimb through an aperture (15 cm height × 1 cm width), made in the front wall to grasp and eat one food pellet at a time. Rats given the skilled reaching task were trained for several days (usually 4 weeks) and did develop a preference for a particular limb. Following an initial period of grasping using the mouth, the rat was forced to use its paw, and the dimensions of the aperture ensured that only one limb could be used. After a few days of this training, the rats showed a consistent preference for either the left or right paw during the reaching/grasping phase, but used both paws to bring the food to the mouth and hold it while they ate (manipulation phase). The food pellets were placed in small indentations on a shelf located outside the slit (3 cm high with respect to the floor of the box). Animals were also trained to walk to the rear wall of the box after each attempt, in order to readjust their body position before the next attempt to grasp a pellet.
During each testing session, conducted from 3 to 7 days after lesion, rats were observed daily to determine the time needed to perform 20 attempts (usually ∼10 min). Each trial was scored as (1) "successful" if a rat obtained the pellet and then consumed it or (2) "failed" if the pellet was pushed off the shelf by an imprecise movement or dropped during retraction. At the end of session, each animal was re-housed in its own cage and rewarded with an extra dose of pellets.
Histology and Lesion Reconstruction
At the end of the experimental procedure, each animal was deeply anesthetized with Zoletil 100 (10 mg/kg, i.m.; Virbac Laboratories, Carros, France), transcardially perfused with saline at room temperature, and fixed with cold 4% paraformaldehyde at pH 7.4. Brains were removed, postfixed overnight, and transferred to 30% sucrose solution for cryoprotection until they sunk. A freezing microtome was then used to cut 50 µm coronal sections, which were collected free floating in saline for Nissl staining, according to a previously described protocol (Viaro et al. 2011) . Briefly, sections at the level of the cerebellum were mounted on chrome alum-coated slides, stained with cresyl violet, dried in escalating alcohol concentration, cleared in xylene, coverslipped with mounting medium, and captured using a computer-interfaced light microscopy workstation (Zeiss Axioskop, Carl Zeiss, Germany) with a high-resolution digital camera (AxioCam ICc3, Carl Zeiss, Germany). For each section and hemisphere, the lesion placement and extent were measured using the contour tracing software (Adobe System, Inc., San Jose, CA, USA) and reconstructed onto schematic templates of coronal sections (Paxinos and Watson 1982) .
Data Presentation and Statistical Analysis
Data are expressed as means ± SEM. Multivariate discriminant analysis was used to analyze the X-, Y-, and Z-axis displacement in order to classify movements into predefined classes. This analysis represents a useful tool for classifying observations into several groups when a sample has a priori known groups. We classified movements offline, starting from the displacement values on the X-, Y-, and Z-axes obtained from the Qualisys system, and applying the criteria described in previous studies (Bonazzi et al. 2013; Budri et al. 2014) . Multiple discriminant analysis was applied to investigate the contribution of the maximal displacement values on the X-, Y-, and Z-axes to the group separation (predictors X-, Y-, and Z-values vs. movement classes). For this analysis, considering a single stimulation, all classes, appeared as a single movement, except for OCS, which was characterized by repetitive sequences of the opening and closing phases, and 2 maximal displacements were therefore considered. The Minitab 16 program (Minitab, State College, USA) presented the classification procedures in matrix form, showing the number of individual movements in each group correctly assigned to that group by the discriminant function. The measure of confidence for the corrected classification and the measure of the predicted error rate for each classification were defined by: Proportion correct (ratio between the number of correctly classified samples and total number of samples) and Error rate (ratio between the number of rejected samples and total number of samples). Then, Wilks' lambda criterion was used to assess the P-value of each classification. Discriminant analysis was performed to verify whether an automated process could reach a higher level of classification in function of the maximal displacement on the X, Y, and Z Cartesian axes. Note that for the discriminant analysis, all movement classes had previously been defined by rules based on the displacement values. This analysis also had the aim of generating a model that would allow us to assign a class defined in control conditions to each movement evoked in lesioned animals. This procedure allowed us to assess whether or not displacement values could be considered a discriminant factor for the movement classes in all groups (control, 3 h, and 3 days after lesion). The unpaired two-tailed t-test (Table 3) or one-way ANOVA followed by the Newman-Keuls post hoc test for multiple comparison (Table 4, Figs 2E-H, 3E , 6D, 8D, and 9D-F) was used to analyze differences between the means. The Pearson correlation coefficient (r) was used to assess the relationship between kinematic variables, and the slope of the line that most closely fitted the data was assessed using linear regression analysis ( Fig. 3A-C) . The χ 2 test, presented in a two-way contingency table (2 × 2), was used to show differences in site distributions (Fig. 3D ).
To characterize changes in the target of the movements in space, we defined the 2D and 3D distributions of limb movement endpoints (Figs 4 and 5). We assumed that the 3D plot of the endpoints of all limb movements for each group could directly show the 3D representation of the ICMS-defined reachable space. To evaluate the density difference in the spatial distribution of movement endpoints, density-based spatial clustering of applications with noise (DBSCAN) analysis was performed using MATLAB software (The Mathworks, Inc., Natick, USA). DBSCAN analysis locates high-density regions that are separated by lowdensity regions, and thereby enabled us to classify movement endpoints as being in the interior of a dense region (core points) or in a sparsely distributed region (noise points). The DBSCAN procedure relies on 2 parameters, namely ε (i.e., distance between the center and the border of a cluster) and N (i.e., minimum number of points required to form a dense region). K-means cluster analysis based on the movement endpoints was also performed in the attempt to identify each class of movement in a specific cluster, which is represented by its centroid. However, K-means cluster analysis failed to identify different clusters since ABD and EXT occupied a wide portion of space and, consequently, ADD, ELV, and RTR were combined with a partition of the larger clusters. These results may be explained by evidence that this procedure fails to detect a particular cluster when it presents a nonspherical shape or very different size or density (Tan et al. 2008) .
To characterize the spatial distribution in the motor cortex surface of all movements across animals, a 2D distribution of movement-responsive sites at coordinates relative to the bregma was generated using a spatially interpolated contour plot. Each movement-related site was assigned X and Y values corresponding to the coordinate relative to the bregma (ML and AP, respectively), and a Z-value corresponding to the assigned probability ( Fig. 6A-C) . A probability at a given site of 100% was achieved when a movement was observed at that site in all animals of the same group. A quantitative evaluation of the forelimb motor cortex configuration was obtained from the sizes of different motor representations, assuming that each movementrelated site represented a 0.25 mm 2 square of cortical surface (0.50 × 0.50 mm; Figs 6A-C, 7A-F, 8A-C, and 9A-C). Two-way repeated-measures ANOVA followed by the Bonferroni post hoc test for multiple comparison was used to analyze behavioral data (Fig. 8E ). P-values of <0.05 were considered to be statistically significant.
Results
The lesions completely ablated the dentate and interpositus nuclei of each hemisphere, with no evident damage to the surrounding structures (Fig. 1A,B) . After lesion mapping (Fig. 1C) , any animal that exhibited incomplete bilateral lesion at any AP level of either nucleus and/or any evident damage to the surrounding tissue were discharged from the study.
To disclose transient as well as more stable effects of the lesion on cortical topography and features of complex forelimb movements, long-duration ICMS was performed at both 3 h and 3 days after lesion. At both of these time-points, the stimulation current was fixed at an over-threshold level of 100 µA, so that each stimulation could produce easily detectable movements, allowing distinction of the proximal (wrist marker) and distal (digit marker) components of forelimb movements, which were characterized by movement of one or both markers. Sham lesion produced no changes (data not shown).
Classification of Forelimb Movements Evoked by Long-Duration ICMS
In accordance with our previous studies (Bonazzi et al. 2013; Budri et al. 2014) , the repertoire of proximal and distal movements evoked in control animals was classified according to the maximal displacement on the X-, Y-, and/or Z-axis. Regarding proximal movements, we registered abduction (ABD: limb raised and brought outwards from the midline), adduction (ADD: limb raised and brought toward the midline), extension (EXT: limb raised and brought forward), retraction (RTR: limb raised and brought backward), and elevation (ELV: limb raised without a major shift in another direction). The movements whose displacement values on the X-, Y-, and Z-axes did not match these movement class definition criteria were denoted "not categorized movements" (NCMs; see Materials and Methods). The multivariate discriminant analysis and Wilks' lambda test demonstrated that we achieved a high correct classification rate in control rats ( predictors: X-, Y-, and Z-axes vs. movement class, 84.1%, 106 of 126 movements, F 15,326 = 17.69, F crit = 3.10 at P = 0.0001, P < 0.0001).
Regarding distal movements, those evoked in control animals were classified as opening (OPN: digit extension), closure (CLO: digit flexion), opening/closure sequence (OCS: digit extension and flexion in sequence), and supination (SUP: wrist rotation). In particular, OCS showed 2.45 ± 0.26 sequences, the duration of each sequence (i.e., the time between 2 consecutive digit extensions) being 164.53 ± 13.48 ms (range = 140.0-280.0 ms). The multivariate discriminant analysis and Wilks' lambda test demonstrated that we achieved a medium-high correct classification rate in control rats ( predictors: X-, Y-, and Z-axes vs. movement class, 65.9%, 54 of 82 movements, F 9,185 = 50.03, F crit = 4.03 at P = 0.0001, P < 0.0001), and thereby justified use of the same approach to classify movements after lesioning. The multivariate discriminant analysis and Wilks' lambda test also revealed a high correct classification rate (77.2%, 71 of 92 movements, F 12,225 = 91.30, F crit = 3.48 at P = 0.0001, P < 0.0001) when we considered OCS as 2 separate displacements (opening and closing phases; see Materials and Methods).
Regarding proximal movements, multivariate discriminant analysis and Wilks' lambda test revealed that we achieved a high correct classification rate in the animals at 3 h ( predictors: X-, Y-, and Z-axes vs. movement class, 76.8%, 86 of 112 movements, F 15,287 = 14.97, F crit = 3.12 at P = 0.0001, P < 0.0001) and at 3 days after lesion ( predictors: X-, Y-, and Z-axes vs. movement, 77.0%, 87 of 113 movements, F 15,290 = 13.92, F crit = 3.11 at P = 0.0001, P < 0.0001). At both 3 h and 3 days after lesion, we found the same type of movements as observed in controls, albeit in different proportions (Table 2) . Indeed, one of the main features of the lesioned animals was the reduced percentage of ABD and ADD movements, while up to 30% of their proximal limb movements became not categorized (34 of 112 movements and 29 of 113 movements in 3 h and 3-day animals, respectively). Movements that, due to their displacement on the X-, Y-, and/or Z-axes, could not be included in the other classes (see Materials and Methods) were denoted as NCMs. Specifically, in the highest percentage of these movements, the displacement values ranged from <4 to ≥1 mm (53% and 72% at 3 h and 3 days after lesion, respectively), while in the remaining movements, the displacement values did not show a prevailing direction along one axis. In contrast, distal movements classified in controls were not observed at either 3 h or 3 days after lesion, with the exception of OPN, which was seen only rarely (Table 2) . Hence, further quantitative analysis of the kinematics of distal forelimb movements was impossible. 
Cerebellar Lesion Affected Kinematics of Long-Duration ICMS-Evoked Movements
The cerebellar lesions strongly affected the kinematics of proximal forelimb movements. The t-test performed on the values for controls and each lesioned group revealed that, at least in the axis that characterized the movement (namely the X-axis for EXT and RTR, the Y-axis for ABD and ADD, and the Z-axis for ELV), it provoked a reduction in the maximal displacement (Table 3) . However, changes in the displacement values were not significant in ADD or NCM since these classes presented too small a sample at 3 h and 3 days after lesion (ADD: 2 and 3 sites, respectively) or in control (NCM: 2 sites).
Consistent with the reduction in maximal displacement observed, the lesion affected several kinematic variables calculated during limb movement. Indeed, RTR was rarely observed across animals, and it was consequently not considered in the subsequent analysis. Stimulation performed at both 3 h and 3 days after lesion evoked shorter and less curved proximal forelimb movements than those seen in controls (examples are given in Fig. 2A-D) .
The main effects of the lesion, considering both long-and short-duration ICMS (forelimb movement kinematics and cortical output), are summarized in Table 4 , in which the increase/ decrease in a given parameter is reported as a percentage of control values. In particular, ANOVAs performed on trajectory values revealed that the lesion caused a reduction in the length of the movement trajectories (Fig. 2E ). This effect was consistently detected across all movements, that is, ABD (F 2,163 = 14.38, F crit = 9.75 at P = 0.0001, P < 0.0001), ADD (F 2,12 = 6.68, F crit = 3.89 at P = 0.05, P = 0.0112), EXT (F 2,68 = 24.56, F crit = 10.58 at P = 0.0001, P < 0.0001), and ELV (F 2,24 = 6.30, F crit = 5.61 at P = 0.01, P = 0.0063). Post hoc analysis showed that this reduction was long-lasting, no difference being detected between groups at 3 h and 3 days after the lesion. Likewise, ANOVAs performed on the trajectory curvature values revealed the lesion led to a long-lasting reduction in the path index (Fig. 2F ). This effect was observed for all classes of movements, presenting a relatively high curvature in controls, that is, ABD (F 2,163 = 10.29, F crit = 9.75 at P = 0.0001, P < 0.0001), ADD (F 2,12 = 6.21, F crit = 3.89 at P = 0.05, P = 0.0141), and EXT (F 2,68 = 20.39, F crit = 10.58 at P = 0.0001, P < 0.0001), and, once again, post hoc analysis showed that this reduction was long-lasting. Nevertheless, the effect was not significant (P > 0.05) for ELV and NCM since these classes of movements were also relatively straight in controls. Surprisingly, however, ANOVAs performed on time values revealed that the lesion had no major effects (P > 0.05) on the duration of movement in any of the different classes (Fig. 2G) . Similarly, ANOVAs showed that the lesion did not affect (P > 0.05) the movement onset latency, which was observed at approximately 20 ms after stimulation in all groups (usually in the 19-23 ms range; data not shown). However, ANOVAs performed on velocity values revealed that the lesion decreased the maximal velocity reached by the limb during movement (Fig. 2H ). This effect was observed for all classes of movement, that is, ABD (F 2,163 = 7.06, F crit = 4.74 at P = 0.01, P = 0.0011), ADD (F 2,12 = 8.42, F crit = 6.93 at P = 0.01, P = 0.0052), EXT (F 2,68 = 31.87, F crit = 10.58 at P = 0.0001, P < 0.0001), ELV (F 2,24 = 5.70, F crit = 5.61 at P = 0.01, P = 0.0094), and NCM (F 2,62 = 4.40, F crit = 3.15 at P = 0.05, P = 0.0163). Similarly, post hoc analysis showed that the limb was slower than in controls at both 3 h and 3 days after lesion.
The reduced ability to perform normal functional movement after cerebellar lesion was marked in all movement classes when measuring the strength of relationship between the maximal velocity and trajectory length (Fig. 3A-C) . Indeed, the Pearson correlation coefficients identified a significant positive correlation in controls (r = 0.62, P < 0.0001) as well as at 3 h (r = 0.69, P < 0.0001) and 3 days (r = 0.77, P < 0.0001) after lesion. Moreover, ANOVA performed on slope values of the regression lines calculated on these variables displayed a significant difference between the 3 ABD X-axis 5.0 ± 0.9 2.6 ± 0.8 0.9 ± 0.8** Y-axis 20.4 ± 1.0 11.7 ± 0.9** 14.4 ± 0.9** Z-axis 23.3 ± 1.3 15.0 ± 1.6* 21.7 ± 1.8 ADD X-axis −3.2 ± 2.0 0.4 ± 2.6 0.3 ± 0.8 Y-axis −8.9 ± 1.9 −5.8 ± 1.6 −6.9 ± 1.7 Z-axis 6.2 ± 1.5 3.0 ± 2.4 4.3 ± 0.2 EXT X-axis 18.4 ± 1.2 7.7 ± 0.7** 14.6 ± 1.3* Y-axis 8.2 ± 1.2 1.6 ± 0.8* 7.4 ± 1.3 Z-axis 12.8 ± 1.6 6.8 ± 0.9* 14.6 ± 2.1 RTR X-axis −9.6 ± 0.3 −5.9 ± 0.8* −4.8 ± 0.4* Y-axis 6.5 ± 1.0 1.8 ± 1.7 0.9 ± 0.5* Z-axis 19.1 ± 4.4 1.6 ± 1.9* 20.0 ± 12.3 ELV X-axis 0.4 ± 0.3 1.7 ± 0.4 1.0 ± 0.5 Y-axis 1.9 ± 0.1 2.0 ± 0.3 2.4 ± 0.4 Z-axis 11.4 ± 0.8 7.6 ± 0.5** 7.5 ± 1.2* NCM X-axis −3.8 ± 5.8 1.5 ± 0.7 2.7 ± 1.1 Y-axis −7.9 ± 9.9 0.2 ± 0.7 2.5 ± 1.1 Z-axis −5.7 ± 7.7 0.9 ± 0.1 4.8 ± 1.6
Note: Displacements on X, Y, and Z axes are expressed as distance (in mm) from the starting point. Note that in ABD, EXT, RTR, and ELV, the effect significantly involved the axis characterizing the class of movement. This effect did not emerge in ADD or NCM, since these classes presented too small a sample at 3 h and 3 days after lesion (ADD: 2 and 3 sites, respectively) or in control (NCM: 2 sites). Measurements were performed in controls, and at 3 h and 3 days after lesion. Data are means ± SEM of 2-81 measurements per group. Abbreviations correspond to those shown in Table 2 . *P < 0.05, **P < 0.01 different from control.
groups (F 2,348 = 4.57, F crit = 3.02 at P = 0.05, P = 0.0110). Post hoc analysis showed that the slopes obtained at 3 h and 3 days after lesion were similar, and that both of these slopes were lower with respect to control, revealing that, at the same velocity, the trajectory performed appeared shorter after lesion. A further effect was revealed by plotting the distribution of sites eliciting proximal movement against latency to reach maximal velocity (Fig. 3D) . The χ 2 analysis performed on the distribution values clearly demonstrated that the lesion caused considerable shrinkage to the latency window at both 3 h (χ 2 = 18.75, χ 2 crit = 18.42 at P = 0.0001, 40 ms cutoff, P < 0.0001) and 3 days (χ 2 = 37.55, χ 2 crit = 18.42 at P = 0.0001, 40 ms cutoff, P < 0.0001) after lesion. Indeed, after lesion, maximal velocity was mainly achieved in the first 40-ms period after movement onset, whereas in controls, it was also consistently observed at later times. Similarly, the velocity profile showed that the limb was slower in both lesioned groups than in controls (Fig. 3E) . ANOVA performed on area under the curve values calculated on their velocity profiles revealed a significant difference between the 3 groups (F 2,348 = 66.70, F crit = 9.46 at P = 0.0001, P < 0.0001). Post hoc analysis demonstrated that the velocities throughout the duration of the movement were lower after lesion with respect to control, no difference being detected between 3 h and 3 days after lesion.
Cerebellar Lesion Affected the Reachable Space of Long-Duration ICMS-Evoked Movement
The effect of the lesion on the kinematics of each movement resulted in a perturbation at the overall spatial level. To describe the effect of the lesion on movement endpoint locations in reachable space, the endpoint of movements was viewed in a bi-dimensional system (examples are given in Fig. 4A -C, first 2 columns). In controls, the endpoints were oriented in different positions in space according to the different classes of movement. In contrast, at both 3 h and 3 days after lesion, the arrangement of endpoints was not so clearly defined, the endpoints of NCM overlapping those of other movements in both frontal and lateral views. Moreover, after lesion, the endpoints of all movements appeared to be closer to the starting point than in controls. We also defined the 3D distribution of endpoints in each animal of each group (representative examples are given in Fig. 4A -C, Data are expressed as percentage increase (↑) or decrease (↓) with respect to control. ANOVA results for long-duration ICMS were as follows: trajectory length, F2,348 = 57.22, Fcrit = 9.46 at P = 0.0001, P < 0.0001; path index, F2,348 = 20.96, F crit = 9.46 at P = 0.0001, P < 0.0001; movement duration, P > 0.05; movement latency, P > 0.05; maximal velocity, F 2,348 = 67.49, F crit = 9.46 at P = 0.0001, P < 0.0001; threshold current, P > 0.05; representation size, P > 0.05; proximal movement sites, P > 0.05; distal movement sites F2,12 = 72.18, Fcrit = 21.85 at P = 0.0001, P < 0.0001; Statistical results for short-duration ICMS: threshold current, P > 0.05, representation size, F 2,12 = 11.68, F crit = 6.93 at P = 0.01, P = 0.0015; proximal movement sites, F2,12 = 29.09, Fcrit = 21.85 at P = 0.0001, P < 0.0001; distal movement sites, F2,12 = 9.88, Fcrit = 6.93 at P = 0.01, P = 0.0029. **P < 0.01 different from control.
third column). These plots show that in each rat, the movement endpoints were located in different regions of space, according to the class of movement. In lesioned animals (Fig. 4B ,C, third column), the same grouping according to movement class is still observable, even though the endpoints are distributed over a smaller space. To better characterize changes in the location of movement endpoints in space, the cumulative distribution for each group was visualized in a bi-dimensional system, where movement endpoints are shown in all 3 cardinal views (namely lateral, frontal, and superior views, Fig. 5A ), while superimposing lines used to divide the movement into different classes (namely intersection of the 3 Cartesian axes; Fig 5B-D) . The cumulative three-dimensional distribution shows how the reachable space changed after lesion. In control, DBSCAN analysis performed on movement endpoints (Fig. 5B , fourth column) identified 2 clusters (ε = 7.50, n = 5). Observing the two-dimensional distribution relative to the superior view (Fig. 5B, third column) , the different movement classes appear quite segregated and, in particular, there is a clear separation between ADD and the other movement classes, which appear ( partially) overlapping. In contrast, DBSCAN analysis performed at 3 h and 3 days after lesion identified a single cluster (Fig. 5C ,D, fourth column), indicating that the movement endpoints were distributed in a narrower space than in control.
Cerebellar Lesion Affected the Cortical Topography of Long-Duration ICMS-Evoked Movements
Bi-dimensional M1 maps of complex forelimb movements (examples are given in Fig. 6A -C, left column) enabled evaluation of the effect of the lesion on cortical topography, that is, excitability and representation size (Table 4) . Overall, ANOVA showed that the threshold current level required to evoke a detectable complex movement was similar (P > 0.05) to controls (49.8 ± 3.4 µA) at both 3 h (53.0 ± 3.8 µA) and 3 days (54.7 ± 3.4 µA) after lesion. To evaluate the topographical distribution of forelimb cortical sites across groups, spatially interpolated cumulative maps (Fig. 6A-C , right column) were examined. Neither these maps nor the relative ANOVA revealed major changes (P > 0.05) in the extension of forelimb area with respect to controls at either 3 h or 3 days after lesion. To assess whether the lesion induced any quantitative change in forelimb representations, the sizes of proximal and distal movement representations were analyzed. ANOVAs performed on size values (Fig. 6D, left column) revealed that the lesion affected the area in which proximal movement was evoked, either alone (F 2,12 = 6.69, F crit = 3.89 at P = 0.05, P = 0.0112) or in combination with distal movement (F 2,12 = 70.46, F crit = 21.85 at P = 0.0001, P < 0.0001), but preserved (P > 0.05) the size of total proximal movement representation. However, the representation in which distal movement alone was evoked disappeared completely after lesion. Post hoc analysis revealed that the lesion induced an increase in the size of the area in which proximal forelimb movement alone can be evoked, whereas the opposite effect was detected when considering the area in which a combination of proximal and distal movements was recorded. Both effects were similar at 3 h and 3 days after lesion, and ANOVAs performed on proximal movement values (Fig. 6D , right column) revealed that the lesion altered the proportion of classifiable movements (F 2,12 = 5.29, F crit = 3.89 at P = 0.05, P = 0.0225) and NCMs (F 2,12 = 4.42, F crit = 3.89 at P = 0.05, P = 0.0364). Indeed, post hoc analysis revealed that the lesion increased the Figure 3 . Bilateral lesion of the interpositus and dentate nucleus affected the velocity of proximal forelimb movements evoked by long-duration ICMS. The effect of lesion on correlation between maximal velocity and trajectory length in controls (A), and at 3 h (B) and 3 days (C) after lesion. Note that after lesion, the relationship between velocity and trajectory length was preserved, while the slope showed a significant reduction with respect to control. (D) Distribution of the latency of maximal peak velocity. The latency values were distributed in 20 ms bins from 0 to 200 ms. The number of observations falling into each bin was expressed as a percentage of the total observations. Note that the distribution values are higher at the 20-39 bins than in control in both the 3-h and 3-day groups. (E) Time-course of the movement velocity. The mean velocity profile (in mm/s) was reported in the 0-500 ms time-window representing the movement duration. Thin lines represent the SEM of each velocity profile. Note that the velocity is constantly higher in control with respect to the 3-h and 3-day groups. Measurements were performed in controls and at 3 h and 3 days after lesion. Data are means ± SEM of 2-81 measurements per group. Abbreviations correspond to those shown in Table 2 . On the contrary **P < 0.01 different from control.
NCM area at the expense of classifiable movements, since after lesion almost one-third of the total proximal forelimb area consisted of NCM representation. This reorganization of proximal movement representation within the overall forelimb representation was particularly evident when movement sites were plotted in cumulative maps relative to each movement class (Fig. 7A-F) . These maps showed that each classifiable movement could be evoked in different cortical regions with respect to control, and that NCM tends to occupy the entire cortical surface.
Cerebellar Lesion Affected the Representation of ICMSEvoked Movements Resembling Patterns Generated During Behavior
It has been proposed (Bonazzi et al. 2013 ) that complex movements evoked by ICMS involving both limb and paw in combination may be interpreted as movements resembling patterns generated by animals during natural behavior. Accordingly, we recognized 4 patterns of these complex movements in controls, namely reach-shaping (RSH: paw opened and limb moved outside peripersonal space by a combination of OPN with ABD, EXT, or ELV), reach-grasping (RGR: paw opened and closed in front of the chest by a combination of EXT with OCS), bring-tobody (BTB: paw closed in toward the body by a combination of ADD with CLO), and hold-like (HLD: wrist and paw turned by a combination of any limb movement with SUP). Thus, we generated bi-dimensional M1 maps of these patterns of specific movements. Examination of these maps (examples are given in Fig. 8A-C) revealed a deleterious and long-lasting effect on these movement representations at both 3 h and 3 days after lesion. ANOVAs performed on size values revealed that the lesion led to a shrinkage of these movement representations (Fig. 6D) . In particular, a strong reduction in RSH size (F 2,14 = 41.20, P < 0.0001) was observed, whereas the other movement classes, Figure 4 . Bilateral lesion of the interpositus and dentate nuclei affected the representation of the reachable space of movements evoked by long-duration ICMS. Representative spatial distribution of the proximal forelimb endpoint in control (A), and at 3 h (B) and 3 days (C) after lesion. Schemes of the lateral (first column) and frontal (second column) views of the rat are drawn from a video frame with the limb in the starting position. The filled gray circle represents the wrist marker, placed at the intersection of the Cartesian axes, whereas other symbols represent the final endpoint positions of the movements. EXT, RTR, and ELV endpoints are shown in the lateral views (X-vs. Z-axis), ABDs and ADDs are shown in the frontal views (Y-vs. Z-axis), and NCMs are shown in both views. In the third column, each threedimensional distribution plot represents the endpoints of movements evoked in the same animal reported in the first and second columns. All endpoints start at (0,0,0), and displacements are expressed in millimeters. Measurements were performed in controls and at 3 h and 3 days after lesion. Abbreviations correspond to those shown in Table 2. namely RGR, BTB, and HLD, were totally suppressed at both 3 h and 3 days after lesion, and post hoc analysis showed that this reduction in representation size was long-lasting.
To investigate a possible relationship between the effect of the lesion in the M1 map and motor performance requiring a high level of motor coordination, we performed the skilled reaching test before and after lesion (see Materials and Methods). Testing after lesion lasted for 5 days, and was begun after a period of 3 days, necessary to fully recover basal functions such as gait balance and food-intake. Sham lesion did not produce any changes with respect to controls (data not shown).
Repeated-measures ANOVA performed on success values (Fig. 8E ) showed significant effects of lesion (F 1,5 = 128.40, P < 0.0001), time (F 5,48 = 9.60, P < 0.0001), and time × lesion interaction (F 5,48 = 6.18, P = 0.0002). Post hoc analysis revealed that after lesion, rats failed to maintain the performance level achieved during the prelesion period, an impairment that was substantially unchanged throughout the testing period. In contrast, the success score of controls remained stable across sessions.
Cerebellar Lesion Partially Affected Cortical Representation of Short-Duration ICMS-Evoked Movements
The differences in motor activity evoked by long-and short-duration ICMS depend on how electrical stimulation activates the after lesion. Each two-dimensional distribution plot is relative to lateral (first column), frontal (second column), and superior (third column) views of the rats, as shown in A. In the fourth column, each three-dimensional distribution plot represents the endpoints of all movements, as indicated by the three-dimensional cluster analysis. Note that 2 different clusters are represented in controls, whereas the representations at 3 h and 3 days after lesion feature only a single cluster. The wrist marker was placed at the intersection of the Cartesian axes, and the symbols represent the final endpoint positions of the movements. All endpoints start at (0,0,0), and displacements are expressed in millimeters. Measurements were performed in controls and at 3 h and 3 days after lesion. Abbreviations correspond to those shown in Table 2. motor circuits. To test whether cerebellar lesion had different effects on the movements evoked by the 2 different stimulation paradigms, we performed short-duration ICMS at the same time-points (3 h and 3 days after lesion) as long duration (Table 4) . Examination of the M1 maps generated (examples are given in Fig. 9A-C ) revealed that the lesion had different effects on the 2 wider movement representations, namely forelimb and vibrissa areas, at both 3 h and 3 days after lesion. To quantitatively assess the changes in cortical motor areas, several parameters were analyzed. First, ANOVAs performed on threshold current values (Fig. 9D) revealed that the lesion did not change the level of current needed to elicit forelimb movements, whereas it did affect the level of current required to elicit vibrissa movement (E), and NCM (F). Note that after lesion, classifiable movements were represented in areas of the cortex that only overlapped in part those in controls, and were not well defined in spatially separate functional zones, whereas NCMs are represented along the entire extension of the forelimb motor cortex.
Measurements were performed in controls and at 3 h and 3 days after lesion.
Data are relative to 5 animals per group. Abbreviations correspond to those shown in Table 2 . Figure 6 . Bilateral lesion of the interpositus and dentate nuclei affected the representation of forelimb movements evoked by long-duration ICMS. Representative M1 maps (left panels) and cumulative frequency distribution maps (right panels) of forelimb movements evoked by stimulation in control (A), and at 3 h (B) and 3 days (C) after lesion. In the representative maps, proximal and distal movements evoked at one site are indicated by different symbols. The absence of any symbol indicates that penetration was not performed due to the presence of a large vessel, or was not useful for studying the representations of interest. In the cumulative maps, the frequency at each site is indicated by different shades of gray. One hundred percent probability was achieved when a movement at that site was observed in all animals of the group. In these mapping schemes, frontal poles are at the bottom. Zero Abbreviations correspond to those shown in Table 2 . **P < 0.01 different from control.
(F 2,12 = 28.51, F crit = 21.85 at P = 0.0001, P < 0.0001), which, according to post hoc analysis, increased transiently after lesion. Furthermore, ANOVAs performed on representation size values (Fig. 9E ) revealed that the lesion changed the extension of both forelimb (F 2,12 = 11.68, F crit = 6.93 at P = 0.01, P = 0.0015) and vibrissa (F 2,12 = 9.06, F crit = 6.93 at P = 0.01, P = 0.0040) areas. Post hoc analysis showed that, at 3 h, the lesion had opposite effects on the 2 areas, namely increasing the forelimb and decreasing the vibrissa area size. However, at 3 days after lesion, representation size showed no difference (P > 0.05) with respect to control. Finally, ANOVAs performed on the type of forelimb movement (Fig. 9F ) revealed that the lesion affected the frequency of proximal and distal forelimb movements. According to post hoc analysis, the lesion strongly increased the frequency of proximal forelimb movements, at both 3 h and 3 days after lesion (F 2,12 = 31.48, F crit-= 21.85 at P = 0.0001, P < 0.0001), alongside a comparable reduction in the frequency of distal movements (F 2,12 = 31.48, F crit = 21.85 at P = 0.0001, P < 0.0001). Sham lesion did not produce any changes (data not shown).
Discussion
Overall, the goal of this study was to determine the role of the cerebellum in generating the forelimb motor cortex output in terms of long-and short-duration ICMS-evoked movement. We reveal, essentially, that after bilateral lesion of the interpositus and dentate nuclei, (1) distal forelimb movements were rarely observed across animals; (2) about 30% of proximal forelimb movements failed to match criteria defining the movement class observed under control conditions; (3) at the cortical output level, the movement classes lost the discrete patch-like organization seen in controls; (4) many kinematic variables of proximal forelimb movements, except their latency and duration, were affected by the lesion; (5) the endpoint of each movement within the rat's workspace (reachable space) was greatly altered; (6) the maps of ICMS-evoked movements resembling patterns generated during behavior appeared disrupted and, consistently, the animal lost the skills learned for performing a reaching/grasping task, and (7) both the threshold current needed to evoke movements and the overall size of the movement representation were comparable with those observed under control conditions in both long-and short-duration ICMS procedures.
Cerebellar Input to M1 and Long-Duration ICMS-Evoked Motor Output
Long-duration ICMS-evoked forelimb movements were classified according to the maximal displacement on the X-, Y-, or Z-axis (Bonazzi et al. 2013; Budri et al. 2014 ). The existence of discrete Figure 8 . Bilateral lesion of the interpositus and dentate nuclei affected the organization of the representation of movements resembling patterns generated during behavior evoked by long-duration ICMS and motor performance. Representative M1 maps of movements resembling patterns generated during behavior in control (A) and at 3 h (B) and 3 days (C) after lesion. These specific movements evoked at one site are indicated using different symbols. The absence of symbol indicates that stimulation evoked no movements. In these mapping schemes, frontal poles are at the bottom. Zero corresponds to the bregma; numbers indicate rostral distance from the bregma or lateral distance from the midline. (D) Size (in mm 2 ) of cortical representations of movements resembling patterns generated during behavior.
Movement: RSH: reach-shaping; RGR: reach-grasping; BTB: bring-to-body; HLD: hold-like movement. (E) The effect of lesion on success score (in % of total attempts) during the skilled reaching test. Measurements were performed in controls, and at 3 h and 3 days after lesion (A-D), or in controls and in the 3-7 days after lesion (E).
Data are means ± SEM of 5 animals per group. **P < 0.01 different from control.
zones devoted to different classes of complex movement is a basic organizing principle of the forelimb motor cortex in rodents (Ramanathan et al. 2006; Harrison et al. 2012; Bonazzi et al. 2013; Brown and Teskey 2014; Budri et al. 2014) , and raises the general question of how movement features are generated, presumably through differences in intrinsic intracortical circuitry, as well as afferent and efferent projection pathways (Cheney and Fetz 1985; Lemon et al. 1987; Haiss and Schwarz 2005; Harrison et al. 2012 ). We performed ICMS under light anesthesia (Friedberg et al. 1999 ; see Materials and Methods), ensuring that reflexes and reciprocal inhibition between antagonistic muscles were preserved (Capaday et al. 1998; Schneider et al. 2001; Young et al. 2011) , and that the complex movements could be elicited from animals Ramanathan et al. 2006) . Moreover, the bilateral cerebellar nuclei lesion prevented the compensatory effects seen in unilateral lesions, in which plastic rearrangements occurred in the deep cerebellar nuclei spared by the lesion (Federico et al. 2006; Burello et al. 2012; Gelfo et al. 2015) . Our evidence could be explained by the hypothesis that expression of the basic functional features of the motor cortex relies on cerebellar input via the motor thalamus (Hoshi et al. 2005; Bosch-Bouju et al. 2013) . Indeed, removal of cerebellar input reduced the maximal displacement on the axis characterizing the movement class with respect to controls, with roughly 30% of movements being unclassifiable. These NCMs were scattered across the entire extension of the forelimb motor cortex, whereas classifiable movements were evoked in different cortical regions with respect to control, as evident in both single and cumulative maps. The movement trajectories were shorter and straighter, and peak velocities were lower but, surprisingly, with shorter latencies in injured animals than in controls. These reductions in trajectory and velocity appeared shortly after injury, and persisted unchanged over time. Although the relationship between velocity and trajectory length was preserved, considering a fixed velocity, the trajectory drawn by the movement appeared shorter after lesion. Thus, the cerebellar nuclei lesion reconfigures motor circuits to recruit, more slowly, fewer cortico-spinal neurons over time. This is consistent with the finding that cerebellar nuclei inactivation produces an overall reduction in the firing rate of neurons in the motor thalamus and motor cortex (Popa et al. 2013 ). Hence, long-duration ICMS recruits a cortico-cerebellar-cortical loop to M1, and this is critical in the fine modulation of ICMS-evoked movement kinematics. However, the involvement of the rubrospinal system cannot be ruled out, as impairment of the velocities during the evoked movements can also be caused by a disruption in transmission along the rubrospinal tract, since the red nucleus plays a major role in the regulation of muscle tone (Mileykovskiy et al. 2002) , skilled limb movements (Hermer-Vazquez et al. 2004; Morris et al. 2015) , and overground locomotion (Muir and Whishaw 2000) . Surprisingly, however, in injured animals, approximately 50% of velocity peaks had a latency of <40 ms, whereas this Figure 9 . Bilateral lesion of the interpositus and dentate nuclei affected the representation of movements evoked by short-duration ICMS. Representative M1 maps of vibrissa and forelimb movements evoked by stimulation at threshold current in control (A), and at 3 h (B) and 3 days (C) after lesion. In the representative maps, the vibrissa and proximal/distal movements evoked at a single site are indicated using different symbols. The absence of any symbol indicates that penetration was not performed due to the presence of a large vessel, or was not useful for studying the representations of interest. The microelectrode was sequentially introduced to a depth of 1500 µm. Interpenetration distances were 500 µm. In these mapping schemes, frontal poles are at the bottom. Zero corresponds to the bregma; numbers indicate rostral distance from the bregma or lateral distance from the midline. (D-F) The effect of lesion on threshold current (in µA; D), representation size (in mm 2 ; E), and frequency of proximal and distal movement (in % of total forelimb movements; F). Measurements were performed in controls, and at 3 h and 3 days after lesion.
percentage dropped to around 15% in controls. This appears to suggest that the cerebellar loop was critical to the development of movement about 40 ms from stimulation onset and, thus, 40 ms may therefore be the time required for cerebellar loop recruitment in long-duration ICMS-evoked movements. Since the mean movement latency was about 20 ms, the cerebellar loop began to influence the long-duration ICMS-evoked movement about 20 ms from its onset, supporting recent evidence that the cerebellar loop to M1 is adapted to operate in a fast and precise temporal regime (Sultan et al. 2012; Proville et al. 2014) . The fact that cerebellar lesion did not affect the threshold, latency, or duration of ICMS-evoked movement could be due to direct activation of cortico-spinal neurons, being directly dependent on the stimulus parameter, and therefore less sensitive to cerebellar injury (Logothetis et al. 2010; Griffin et al. 2011 Griffin et al. , 2014 . In humans, cerebellar lesion breaks complex movements into a series of simpler movements (Bastian et al. 1996 ) with a specific breakdown in the coupling of reach and grasp movements (Zackowski et al. 2002) , coupling being achieved by a central generated temporal pattern independent of feedback control (Jeannerod 1984) . Here, we found that cerebellar nuclei lesion affected the ability to evoke combined limb and paw movement patterns, such as reach/shape, reach/grasp, and bring-to-body Graziano et al. 2005; Bonazzi et al. 2013) . Consistently, we found that the lesion impaired the performance in skilled reaching tests, which require a high level of proximal and distal forelimb motor coordination (Vergara-Aragon et al. 2003) , suggesting that the mammalian cerebellum may be involved in combining proximal and distal movements into a single goal-driven motor program.
In the motor cortex, the arrangement of functional zones also has an orderly relationship to extrinsic space, so that each cortical zone represents a different portion of reachable space (Bonazzi et al. 2013; Budri et al. 2014; Van Acker et al. 2014) . We found that after lesion, stimulation at a given cortical site produced a movement in an altered direction in the workspace, and the distance traveled in that direction was also different. These observations may suggest that the cerebellum could play a role in setting the representation of the three-dimensional workspace. However, since there is uncertainty as to what a cortical map of movement endpoints means (endpoint position representing three-dimensional workspace or movement equilibrium positions in ordered sites; Graziano and Aflalo 2007; Van Acker et al. 2014) , the extent to which motor workspace processing can be ascribed to cerebellum function still requires further investigation.
Cerebellar Input to M1 and Short-Duration ICMS-Evoked Motor Output
The cortical changes induced by lesion, as well as the relevant anatomical connections between the cerebellum and motor cortex, suggest that the cerebellum plays a key role in cortical output modulation (Kelly and Strick 2003; Ramnani 2006; Oulad Ben Taib and Manto 2008) . In patients with focal hemicerebellar lesions, the threshold for magnetic stimulation is increased (Di Lazzaro et al. 1994; Meyer et al. 1994) due to a reduction in the intrinsic excitability properties of motor circuits related to the impaired hemicerebellum (Di Lazzaro et al. 1995) . However, any comparison of our findings in rats with those in humans is problematic because there are several important differences in sensorimotor cortex organization between the 2 species, not to mention the different experimental conditions and methods used. Nevertheless, short-duration ICMS has provided a threshold map of body musculature based on visible twitch-like movements, enabling the construction of maps of cortical representations of movements and muscles (Donoghue and Wise 1982; Gould et al. 1986 ). Furthermore, experiments with short-duration ICMS after peripheral or central lesion (Sanes et al. 1990; Toldi et al. 1996; Franchi 2000; Brus-Ramer et al. 2009; Viaro et al. 2011 ) and sensorimotor restriction (Langlet et al. 2012; Viaro et al. 2014) have shown the considerable plasticity of M1 movement representation. However, while nerve injuries and sensorimotor restriction increased thresholds and shrunk limb representation areas, cerebellar nuclei lesion exerted biphasic time-dependent effects on M1. Those seen at 3 h from lesion, we interpret as a form of short-term diaschisis due to an imbalance of M1 excitability after subtraction of the bilateral thalamo-cortical excitatory input (Maggiolini et al. 2008) , with an iceberg effect at the border between whisker and forelimb representation. Indeed, after 3 days, when the diaschisis had regressed, representation size and thresholds current were the same as controls. However, the persistence of proximal/distal movement activation discrepancies indicates that cortical circuits failed to recover their basic state, even 3 days after lesion.
Conclusion
The cerebellum is critically involved in motor control, as well as in the nonmotor control of cognition and emotions (e.g., Proville et al. 2014 ). According to the common processing hypothesis, understanding the cerebellum's role in motor control could shed light on its nonmotor functions (Ramnani 2006; Thach 2007; Ito 2008; Schmahmann 2010) , and here, we show that lesions of the cerebellar loop to motor cortex suppressed the ability of ICMS to generate complex movements displaying features (kinematics, workspace direction, and proximal/distal coordination) observed under physiological conditions, while the total size and the excitability of the forelimb area remained constant. These changes in the basic function of the motor cortex may help elucidate the mechanisms underlying cerebellar ataxia, and are in full accordance with the notion that cerebellar input to the cerebral cortex contributes to cortical processes by adding rapid feedforward signals with high temporal precision (Sultan et al. 2012) .
